The Raman gain efficiency o f a 2.3 pm-care-diameter holey fibre was measured using three diffcrent techniques. A -4.65 x 10-3W-' m-' emciency is abtlined by a11 techniques with mismatches lying within the estimated erron. It is shown that the high efficiency is due to small mode-field diameter of the holey fibre, as expected. 7hi: use o f the fibre as a continuous-wave-pumped Raman amplifier is discussed.
Introduction:
There has been recent interest in fibre Raman amplifiers based on solid-silica-core holey fibres (HF) [I]. As such fibres can have core diameters as small as -1 pm, their Raman efficiency, defined as the Raman gain coefficient divided by the pump effective area, is expected to be much higher than that of a standard telecommunications fibre (STF) even though their Raman gain coefficient should be comparable. In this Letter we report on the measurement of the Raman gain efficiency of an HF through three charecterisation techniques. The results obtained with different techniques agree with one another to within the errors. By using an estimate of the pump made-field area, it is shown that the increase in the Raman gain efficiency is directly related to the reduced HF core diameter, as expected. In addition, a discussion based on the results is provided relating to the applicability of HF-based Raman amplifier:;. The amplified signal was extracted through OC2 and analysed in an optical spectrum analyser (OSA). The Raman gain efficiency was also measured through inspection of the dependence ofthe Raman ASE power on pump power when no signal was present. This technique is described in [3] and consists of adjusting the Raman gain efficiency in the theoretical CUNC to fit the experimental ASE-power-against-pump-pawer curve. For these measurements the seNp in The third technique used consisted of determining the Raman gain distribution along the HF through the use of the OTDR and fitting the experimental curve with a computer simulation in which the Raman gain efficiency could be adjusted. The simulation took into account first-order Raman gain and fibre attenuation and ignored all other effects. The experimental seNp used is shown in Fig. Ib . The OTDR settings were identical to those used for loss measurements. A series of filters was placed at the OTDR output/input to remove the unused Raman pump and to reduce the Raman ASE before detection of the backscattered pulses in the OTDR. These filters caused loss to the OTDR signal an4 thus, increased the extension of the front connector attenuation dead zone, since the exponential recovery of the OTDR detector after the reflection at the front connector takes longer to reach the post-filtering backscattered level. To avoid that the front connector attenuation dead zone masked the gain distribution in the HF, a -2 km STF was inserted prior to this fibre. As in the Raman gain measurements described earlier, the 1454.5 nm FRL was used as the pump and was placed in the opposite side of the HF. The in-HF pump power in this case was 2.12 f 0.07 W. As before, a tap coupler and an OPM were used to monitor the launched pump power. Fig. 2 shows the spectral profile of the Raman gain efficiency obtained with both the onjoff gain and the Raman ASE techniques, as well as the Raman gain efficiency at 1555 nm obtained with the OTDR measurement and computer simulation. In the on/& gain technique, a peak gain of 1.862 f 0.008 (in linear scale) was obtained at 1554~11, corresponding to a peak The Raman gain coefficient can be calculated from the Raman gain efficiency by multiplying the efficiency by the pump mode effective area. Assuming a pump mode effective area of 7 @m2, the peak HF Raman gain coefficients obtained with the anjoff gain, the Raman ASE, and the OTDR techniques would be 3.49+0.24 x 3.11 f 0 . 2 4 x IO-" To test the applicability of the HF as a Raman amplifier for telecommunication applications, the computer simulation was used to calculate the net gain obtained for different CW pump powers and fibre lengths in a counter-propagating signal-pump configuration. In the simulations, the pump loss associated with the STF-to-HF splice was taken into account but the loss experienced by the signal in the HF input and output splices was ignored. The gain efficiency used was 4.65 x IO-'W-' m-' and all other parameter values were the same as mentioned above. It was found that for a pre-splice pump power of 1 W the maximum net gain obtainable is 0.15 dB for a fibre length of -60 m. Increasing or reducing the fibre length reduced the net gain because of pump and signal attenuation and because of incomplete pump usage, respectively. In comparison, a 9.1 km STF with a Raman gain coefficient of 2.8 x m/W, a pump effective area of 70 pm2, and respective pump and signal attenuations of 0.27 and 0.21 dB/km would yield a 10 dB net gain if a pre-splice pump power of 1 W is used (assuming a pump splice loss of 0.05 dB). For obtaining a 10 dB net gain with the HF, a 6.2 W pump power and a 300 m fibre length would be necessary As can be seen, the current CW pump powers necessaq' for obtaining high gains in HF are still exceedingly high for telecommunication applications. However, HFs may find application as Raman 
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